Abstract: Three-phase composites (thermoplastic polymer, glass-fibres and nanoparticles) were investigated as an alternative to two-phase (polymer and glass-fibres) composites. The effect of matrix and reinforcement material on the energy absorption capabilities of composite structures was studied in details in this paper. Dynamic and quasi-static axial collapse of conical structures was conducted using a high energy drop tower, as well as Instron universal testing machine. The impact event was recorded using a high-speed camera and the fracture surface was investigated with scanning electron microscopy (SEM). Attention was directed towards the relation between micro and macro fracture process with crack propagation mechanism and energy absorbed by the structure. The obtained results indicated an important influence of filler and matrix material on the energy absorption capabilities of the polymer composites. A significant increase in specific energy absorption (SEA) was observed in polyamide 6 (PA6) reinforced with nano-silica particles and glass-spheres, whereas addition of montmorillonite (MMT) caused a decrease in that property. On the other hand, very little influence of the secondary reinforcement on the energy absorption capabilities of polypropylene (PP) composites was found.
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Introduction
Modern vehicle structures must be able to withstand severe impact loads at the same time providing safety of the occupants. For the same reasons, structural materials used for crashworthy applications must be characterized by good energy absorption capability. In order to ensure survivability of an accident, structure has to dissipate energy in a controlled manner [1] . This is limited by two factors i.e. induced decelerations and maintenance of a survival space for occupants during a crash [2] .
Traditionally metallic materials have been applied for crashworthy structures due to their ability to sustain plastic deformations. In contrast, polymer composite materials do not exhibit plastic deformations as they are usually brittle. However, if they are properly designed they can absorb high amounts of impact energy by progressive crashing and delamination [3] .
Thermoplastic polymers, such as polypropylene (PP) and polyamide (PA), are widely used in the automotive industry because of their good mechanical performances, processing properties and low cost. However, their application as structural materials is limited due to their low impact resistance and energy absorption capabilities [4] .
Incorporation of glass reinforcements and various nano-sized fillers such as: nanoparticles (SiO 2 , TiO 2 , CaSiO 3 , Al 2 O 3 ), carbon nano-tubes, and clay nano-plates; can be an appropriate solution to that problem [5; 6] . In case of light-weight structures, made of polymer composites, the most widely used nano-reinforcements are silica based particles, due to their good mechanical properties and high thermal stability [7; 8] .
Numerous researches have been conducted to study the influence of nano-particles on the mechanical behaviour of polymer composites and main factors influencing their enhancing capabilities were outlined. This includes key parameters such as: shape [9] and size [10] of nano-fillers, matrix and reinforcement material [11] [12] [13] , interfacial strength and interphase characteristics [14] , as well as volume fraction [15] and quality of dispersion within the matrix [16] .
For the purpose of measuring the energy absorption in composite structures, tube crashing experiments are the most prevailing. The ability of a composite structure to absorb the energy was found to be highly dependent on the mode of fracture. Materials which fail in a progressive manner, with extensive delamination and fragmentation, are able to absorb much higher energies than those materials which tend to fail in a brittle manner [17] [18] [19] [20] .
Regarding nanocomposite structures there is a lack of crash experiments conducted on these materials presented in the literature [5] . Energy absorption characteristics of nanocomposites have been mainly characterized by means of compression [21] , flexural [22] and Charpy or Izod impact testing [23] . That is why the relation between mechanical properties of nanocomposite material and energy absorption characteristics of nanocomposite structure is not fully understood. To the best of our knowledge the present paper is a first report on the crashing behaviour of injection moulded, 3-phase (glass-fibres, nano fillers and polymer) composites, which could be applied in automotive structures. That is why it aims to correlate changes in the mechanical properties of the material with induced fracture modes and ability of the structure to crash progressively, after the addition of secondary reinforcement.
Experimental details

Materials and samples preparation
Two types of matrices were utilised to prepare nano-reinforced materials: polypropylene (PP) Moplen HP500J from Basell Polyolefins and polyamide 6 (PA-6) Tarnamid T-30 from Zakłady Azotowe w Tarnowie-Mościcach, Poland. As a nanoreinforcement two different types of silica-particles (SiO 2 ) and montmorillonite (MMT) for both polar and apolar matrices were selected. This includes: organically modified MMT designed for nonpolar polyolefin matrices (Dellite 72T from Laviosa); organically modified MMT designed for polar matrices (Dellite 43B from Laviosa); fumed silica with hydrophobic properties (surface modified with dichlorodimethyl silane (DCMS)) for nonpolar polyolefin matrices (AEROSIL 974 from Degussa) and Preparation of nano and glass reinforced polymer composites was conducted in three main steps: preparation of nano-composite granulate, mixing and extrusion of nano and glass reinforced composite granulate, and injection moulding of the structural cones. In the first step nano-reinforcement and polymeric matrix, all in solid (powder) form, were premixed before extrusion, in order to warrant the highest homogeneity of the composition. Subsequently, the premixed materials were fed into the twin-screw extruder. In the second step, nano-composite granulates and glass-fibre reinforced polymers were mixed in the extruder. As a result eight different composite materials were prepared as shown in Table 1 . In the third step, crash cones were produced using injection moulding machine (Engel ES200/60 HL ST).
Crash testing
Quasi-static compression testing of the crash cones was carried out using Instron 5500R universal testing machine. Two set of samples of each material were tested at a crosshead speed of 0.1mm/sec. The load was measured using 100kN load cell and the displacement was measured using a built in crosshead displacement sensor.
Impact tests of the crash cones were carried out on a high energy capacity drop tower. Three samples of each material were tested at the velocity of 6m/s corresponding to 2m drop height. The tests were performed by direct impact of the falling beam. In order to ensure a good distribution of the load, 8mm thick steel plate was placed on the top surface of the cone. The impactor mass of 54 kg was constant in all tests, giving the overall impact energy of 1050J based on typical crash test in application of these components in rear crash elements in the vehicles. The load was measured using 200kN load cell, placed underneath the sample. In order to measure shortening of the sample (falling beam displacement), the linear variable differential transformer (LVDT) displacement transducer was used, with precision of 0.01mm and maximum displacement speed of 10m/s. The impact event was recorded using Phantom high speed camera.
Results and discussion
3.1.Crashing behaviour
Crashing behaviour and energy absorption characteristic of the composite structures were studied by means of quasi-static compression and dynamic impact testing. From Figure 1 it can be seen that all PA composites and PPGF composite, tested under the quasi-static load, induce the secondary load-peaks bigger than the initial one. On the other hand, the same materials, tested under the dynamic conditions, induced significantly lower secondary load-peaks. These differences are associated with the mechanism of cracks propagation. If axial cracks are initiated at an early stage of the impact and propagate along the height of the cone (see Figure 2a) , causing a weakening of the structure, then the load required to crash the sample can be smaller than that required to form these initial cracks. The opposite situation exists if plastic deformation is observed at the initial stage of the impact and it is followed by delamination and initiation of small local cracks (see Figure 2b ). In such case, to provide a progression of the crash, the applied load must be similar or even higher than the initial peak.
Failure modes
The mechanism of crack initiation and propagation was found to have a strong impact on the failure mode induced in the structure. The difference in the failure modes Progressive folding with mushrooming effect. In this fracture mode a combination of plastic deformation and progressive crashing is observed. At an early stage of the crash, the structure is subjected to the plastic deformation, which is visible as a mushrooming effect. After the formation of the second fold, axial cracks are initiated leading to a splitting of the shell wall. The cracks are initiated by the radial stress, generated due to the expansion of the wall. This mode is observed in all PP based materials, with the secondary reinforcement, tested under the quasi-static load (see Figure 4b-d) .
3.2.Energy absorption
To quantify the energy absorption capability of crashworthy structures the following parameters should be compared: total energy absorbed (E), specific energy absorption (SEA), mean crushing load and value of the initial load peak. However, the most important parameter, which makes possible a comparison of the energy absorption capability of different materials, is SEA. This parameter is defined as the amount of energy absorbed (area under the load-displacement curve) per unit mass of a crashed material, what means that it takes into account a crushing length of a sample. The energy absorption characteristics of all composites tested are listed in Tables 2 and 3. Relating the energy absorption characteristic with the crashing characteristics, discussed in the previous chapter, it can be seen that the materials which failed in a progressive manner, with small local cracks induced (modes I and III), were able to absorb much higher energies than those with large continuous cracks (modes II and IV).
This effect was caused by the fact that the fracture mode has a direct influence on the crushing parameters such as: crushing length, value of the peak loads and mean crashing load. It is generally observed that the crushing length of the structure increases if the large cracks and debris become initiated. Because of the same reason the post-failure strength of the material is also reduced, what can be recorded as a decrease in mean crushing load. That is why in the conducted experiments, the specific energy absorption of the material, which depends on these two parameters, was decreased in structures that failed in modes II and IV.
The previous studies on various composite materials, tested in the similar experiments [17] [18] [19] [20] , also show that the materials which fail with extensive delamination and fragmentation are able to absorb much higher energies than those which tend to fail in a brittle manner. That is why it can be concluded that the ability of a composite the structure to dissipate the impact energy is highly dependent on the mode of fracture.
Effect of the matrix material on the mode of fracture
The SEA parameter of all tested materials is compared on the bar charts presented in Figure 7 . There is an important difference in energy absorption between the composites made of PP and PA6 matrices. All PP composites absorbed higher impact energy in relation to PA6 ones. In order to explain this phenomenon relation between the fracture mechanism and the mechanical properties of the matrix is outlined hereafter. All PP composites failed in a progressive and stable manner (fracture mode I), whereas in PA6 composites the failure was more unstable (fracture modes II and III). This was attributed to the mechanical properties of the matrix and fibre-matrix interaction. The mechanical properties of a matrix material such as: strength, stiffness and fracture toughness are well known to have a direct influence on the crashing behaviour of composite materials [3; 12; 13] . According to Farley [18] , the energy absorption of the composites reinforced with ductile fibres is generally little affected by the matrix stiffness.
However, if brittle fibres, such as glass fibres, are considered a change in the matrix stiffness can induce a significant change in the fracture mode.
The transition between the fracture modes due to the matrix material was detected at high speed video records by the observation of crack initiation and its propagation, as well as on the SEM pictures by the observation of the fracture surface. In case of the PP matrix, characterized by low strength and stiffness in relation to the PA6 matrix, the progressive crashing involves formation of small size fragments within the crush zone, which brake easily under the applied load. The cracks and failure are localized in a close proximity of the impact point and they are not propagating along the structure. Very little plastic deformation of the matrix is visible on the micrographs, as there are no characteristic deformation paths and fibrous texture of the material. Similarly as in the E-glass cloth composites studied by Hull [24] , a high shear stress generated by the compressive force resulted in a mixture of fibre fracture debonding and interlaminar failure. This was induced by the weak matrix-fibre interphase, which was visible on the micrographs as a clean and smooth surface of the glass-fibres (see Figure 5 ).
Delamination and debonding of the fibres increased the effectiveness of energy absorption at the same time not causing a weakening of the non-crashed section of the structure.
Contrary, PA6 based composites are characterized by strong bonding between the phases. This was visible on the SEM pictures as the fibres well embedded in the matrix, and bits of polymer bonded on the surface of the fibres (see Figure 6 ). The fracture was dominated by matrix and fibre cracking, whereas fibres pull out and debonding was of little meaning. The strong interpahse caused that the initiated shear forces did not induce debonding and interlaminar failure. As a result the applied load induced a significant radial stress leading to the expansion of the shell walls. This resulted in the initiation of severe axial cracks which reduced the energy absorption capability of the composite.
3.4.Effect of the filler material
Comparison of the SEA parameter due to the filler's material is shown in Figure 7 .
The secondary reinforcement had a negative influence on the impact behaviour of the PP composites both in the quasi-static and dynamic tests, reducing the value of the SEA parameter. This may be attributed to the properties of the PP material itself. Strong bonding between PP matrix and a reinforcement is difficult to achieve without an appropriate coupling agent, which assures a chemical coupling between non-polar polymer and polar reinforcement [25] . Another issue associated with the PP composites is a good dispersion of nano-reinforcement within a matrix. Mixing of untreated nanoreinforcement with the PP matrix, without a compatibilizer, can lead to a bad dispersion and existence of agglomeration regions, which additionally decrease the strength of the interphase region [26] .
Regarding the PA6 composites, the SEA parameter increased in SiO 2 and GS reinforced composites, whereas it decreased in MMT reinforced ones. The difference in energy absorption capability is associated with the change in material properties and fracture modes induced due to the secondary reinforcement. In PA/GF composite, the axial cracks were initiated at a relatively low load indicating low impact resistance of the material. The cracks propagated quickly along the height of the cone leading to the catastrophic failure of the structure (Mode II) and low energy absorption. Incorporation of SiO 2 particles did not increase the impact strength of the material but it has changed its fracture behaviour. This was observed as a transition from fracture Mode II to Mode III. This change was caused by the significant reduction of the material brittleness, which was observed as an increase in elongation to break [27] . As a result, the strain induced in the structure did not initiate severe cracks as the material below the crush zone did not reach the failure strain. Moreover, an extensive delamination was observed increasing the energy absorption capability of the material.
These results are in line with other studies which report a significant increase in the ductility of the material after the addition of nano-particles [10; 22; 28] . However, as reported by several researchers [10; 15; 29] , the positive effect of particulate fillers can be gradually weaken with increasing filler content. This phenomenon is attributed to the stress concentration regions which may exist in the vicinity of the fillers with reduced interparticular distance or large size of the agglomerates [7] . Therefore, the bigger the interpartciulare distance and the smaller the size of the particles, the higher the toughness of the composite material.
The opposite behaviour was observed in PA/GF/MMT composite. In this case the impact strength of the material was increased but at the cost of reduced ductility. That is why the nano-composite became even more brittle than the neat PA/GF composite.
Hence, the strain in radial direction reached the maximum allowable limit and the axial cracks propagated along the height of the structure, leading to a complete failure of the sample. As a result, the energy absorption capability of the material remained on the same level as the neat PA/GF, in spite of the increase in the impact resistance.
The biggest increase in the SEA parameter was found in PA/GF/GS composite. Similar to SiO 2 reinforced PA/GF, the fracture mode has changed from Mode II to Mode III, after the addition of the secondary reinforcement, but the toughening mechanism was different. In this instance, the properties such as: stiffness, impact and tensile strength were improved, but with reduced elongation to brake, analogously to PA/GF/MMT composite. However, the increase in stiffness was much more significant, and additionally, the material was subjected to delamination effect. As a result, the radial stress did not initiate any axial cracks, due to the high resistance of the material and propagation of the interlaminar cracks. That is why the crashing length of the cone was importantly reduced increasing the value of the SEA parameter.
Changes in the fracture modes between various PA composites were also clearly visible on the micoscale (see Figure 6 ). In neat PA/GF and PA/GF/SiO 2 composites the plastic deformation of the matrix was the most evident, whereas the fibres pull out and debonding was of little meaning. An extensive plastic deformation was clearly visible in PA/GF/SiO 2 as a non-smooth texture and characteristic deformation paths. On the contrary, in PA/GF/MMT and PA/GF/GS composites, the plastic deformation of the matrix was reduced due to the transition to more brittle failure.
3.5.Effect of the strain rate
The effect of testing speed on the energy absorption capability of the polymer composites can be examined by the comparison of the results from static and dynamic crash tests, given in Figure 7 . In the static test the energy absorption was the most effective in the PA composites, whereas in the dynamic test the effectiveness was significantly reduced. In addition, the weakening effect of the secondary reinforcement in the PP composite samples, tested under the quasi-static load, was much more evident than in the samples tested under the dynamic load. A similar trend was observed in the PA6 composites, in which the addition of secondary reinforcement resulted in reduction of the SEA parameter under the quasi-static load, whereas under the dynamic load the SEA parameter increased due to the secondary reinforcement.
The reason for the large discrepancy in energy absorbed by the structures, tested under static and dynamic loads, is a strain rate sensitivity of polymeric materials. At low strain-rates a polymer is usually more ductile, weaker and less stiff as the molecular chains can reorganize and align with the slowly applied load. However, if the same load is applied at a high strain-rate the response of the material becomes more brittle, stiffer and the material gets stronger, as the molecular chains do not have enough time to reorganize [30] . Brittle reinforcements such as: glass fibres and silica, are generally insensitive to testing speed [31] .
In the carried out experiments the transition from ductile to brittle behaviour was observed as a change in the energy absorption effectiveness. This phenomenon is associated with the decrease in fracture toughness and ductility of the matrix, caused by the increased testing speed. Low fracture toughness and ductility of the matrix corresponds to low resistance to the axial cracking of the shell walls and therefore, decreased energy absorption [32] . In brittle and stiff PA composites increase in brittleness, due to the high strain rate, caused a reduction of the strain limit, leading to the formation of severe cracks. Consequently, the fracture mode of the material has changed causing a significant decrease in energy absorption capability.
By contrast, increase in the testing speed of the PP composites caused an increase in energy absorption. As the PP material is characterized by low stiffness and strength, the structure indicated low resistance to the compressive load applied during the quasistatic test. This resulted in the formation of global cracks which were extending with the progressing compression, consequently leading to a decrease in energy absorption capability. At the high strain rates the PP composites became stiffer and stronger therefore, no global cracks were initiated. The fracture was localized within the crash zone and was dominated by delamination, debonding and fibre pullout effects.
According to Jacob [33] , the structural response and fracture mode at elevated strainrates is localized within the impact point, and therefore, properties of fibres and geometrical configuration of the structure is of little meaning. This causes that material which is able to fracture locally, and dissipate the energy by delamination, debonding and pull out effects, as observed in the PP composites, is able to absorb much higher impact energies.
Conclusion
Quasi-static and dynamic crashing behaviour of various polymer composites were studied in this paper. It has been proved that addition of secondary reinforcement into glass-fibre reinforced polymer composites can have a significant influence on the energy absorption capabilities of the material. The carried out experiments showed that by changing the matrix and the reinforcement material it is possible to change the micro-mechanism of a crash, and therefore, control the energy absorption characteristics of the composite. The following general remarks can be drawn, regarding the energy absorption of polymer composites: (i) Secondary reinforcement in PA composites leads to an increase in energy absorption capabilities of the structure. 
